We used molecular dynamics simulation to study the effect of the external structure on water permeation across a single-walled nanochannel. In contrast with the macroscopic scenario, the outside structure greatly affects the water transport across the nanochannel. Remarkably, the ratio of maximal to minimal flux reached a value of about two for different outside structures. These findings are expected to be helpful in design of high-flux nanochannels and provide an insight into the contribution of the lipid membrane to water permeation across biological water channels. DOI: 10.1103/PhysRevLett.101.257801 PACS numbers: 61.20.Ja
The dynamics of water across nanochannels has significant implications for both the understanding of biological activities [1] and the design of novel nanofluidic devices or machines, which have a wide range of potential applications [2] . As an example, Holt et al. found that the water flow rate through a carbon nanotube with a radius of 1 to 2 nm was more than 3 orders of magnitude faster than the nonslip, hydrodynamic flow as calculated from the HagenPoiseuille equation [3] . If this tube can be used in the desalination of seawater, the required energy is expected to be greatly reduced [4] . Simple nanochannels with appropriate radii have also been utilized as model systems in the exploitation of some primary behaviors of complex biological water channels [5] [6] [7] [8] [9] . The water molecules inside appropriate-radius carbon nanotubes share at least three characteristics with those inside biological channels: the single-file arrangement, wavelike density distribution, and wet-dry transition resulting from confinement [1, [5] [6] [7] [8] [9] .
In practical applications, the structure outside the nanochannel is usually indispensable. This structure is usually important in fixing the positions of the nanochannels, and ensures that the permeation of water is only facilitated through the nanochannels. Lipid bilayer membranes of living cells are efficient barriers to water and ions, with the result that the molecules can only be transported into or out of cells via protein channels [1] . In recent experiments [3] measuring gas and water flow through a microfabricated device with aligned carbon nanotubes as pores, silicon nitride was applied to fill the gaps between neighboring carbon nanotubes, which acted as an impermeable membrane.
However, how the structure outside the channel affects the permeation of fluid across nanochannels has rarely been discussed. It is widely accepted that the external structure of the system scarcely affects water permeation across a macroscopic channel [10] . The structure and (wetting or dewetting) properties of the inner surface of the channel have received almost all the attention while other features are usually neglected. For nanoscale systems, the behaviors usually differ from what occurs on the macroscopic scale [5] [6] [7] [8] [9] [10] [11] . Recently, it was found that polar liquids (water, for example) flowing inside a single-walled carbon nanotube (SWNT) could drive the polar molecules adsorbed on the tube surfaces to move along its axial direction [12] , showing that interactions between the water inside the single-walled channel and other molecules outside cannot be neglected.
In this Letter we present an approach that takes this interaction into account by using molecular-dynamics simulation. The SWNT is our example in the illustration of the idea because of the long-recognized outstanding potential of carbon nanotubes for applications in nanoscale sensor, devices, or machines [2] . We have observed that the structure outside the nanochannel greatly affects water permeation across the nanochannel. The flux across the channel with an appropriate outside structure is approximately twice larger than the flux in the system with only a single carbon-sheet membrane.
Four types of systems were prepared. As shown in Fig. 1 , an uncapped, armchair single-walled carbon nanotube [13] with 13.4 Å in length and 8.1 Å in diameter was embedded along the z direction in one or several graphite sheets. The system of the first type (type 1 system) had only one graphite sheet, as shown in Fig. 1(a) . The distance between the graphite sheet and the middle of the SWNT is denoted as . In the systems of the second type (type 2 systems) [see Fig. 1(b) ], there were two carbon sheets with an equal distance from the nearest ends of the SWNT. The distance between those two sheets is denoted as . There was no water molecule between the two sheets outside the SWNT. We also prepared the type 3 and 4 systems. In the type 3 system, three other graphite sheets fill the region between the two graphite sheets in the type 2 system with ¼ 10:8 # A. In the type 4 system, we used water molecules to fill the region. For the different systems, the pressures were initially set at the same value (for details, see supplementary material [14] ).
Our simulations were performed with the GROMACS 3.3.2 molecular-dynamics program [15] . The solvent used was TIP3P water molecules [16] . The carbon-carbon interaction parameters were adopted from a previous work by Brenner [17] using the Tersoff formalism [18] . In the simulations, the carbon atoms were modeled as uncharged Lennard-Jones particles with a cross-section of CC ¼ 0:34 nm and CO ¼ 0:3275 nm and a depth of the potential well of " CC ¼ 0:3612 kJ mol À1 and " CO ¼ 0:4802 kJ mol À1 [5] . The cutoff for the van der Waals interaction was 1 nm. The carbon atoms at the inlet and outlet were fixed to prevent the SWNT from being swept away in the simulations and the other atoms of the SWNT is flexible. Periodic boundary conditions were applied in all directions. The electrostatic interactions (referring only to water-water electrostatic interactions) were handled by the PME summation method [19] with a cutoff for real space of 1 nm. All simulations were carried out at a constant volume with box size dimensions of Lx ¼ 5:0 nm, Ly ¼ 5:0 nm, Lz ¼ 5:0 nm, and temperature ¼ 300 K.
Following the method proposed by Zhu et al. [20] , we applied an additional acceleration of 0:01 nm ps À2 to each water molecule along þz direction to obtain a pressure difference about 15 MPa between two ends of the SWNT.
For each system, we performed a 120-ns moleculardynamics simulation and collected information from the last 110 ns of the simulation for analysis. For easy discussion, we define the flow as the total number of water molecules per nanosecond that leaves the SWNT from one end, having entered the opposite side. Similarly, the net flux is the difference between the number of water molecules per nanosecond leaving from one end and the other (again having entered from the opposite end) [7, 8] . To characterize the dipole orientation of the water chain, we computed the average angle "
, where is the angle between a water dipole at position Z inside the SWNT and the nanotube axis. The average covers all the water molecules inside the tube. As described in our previous papers [7] , " falls into two ranges, 15 < " < 50 and 130 < " < 165 . If we define a flip as " passing through 90
, we can compute the number of flips per nanosecond, denoted by the flipping frequency f flip [7] .
Figures 2(a) and 2(b) displays the water flow and flux, together with the flipping frequency for the type 1, type 2, type 3, and type 4 systems. In the type 1 system with ¼ 0, the average flow and flux are 20:1=ns and 10:3=ns, respectively. The flow, flux and f flip fluctuate only about 1% when is changed; hereafter we use the type 1 system with ¼ 0. For the type 2 systems, the larger distance between two sheets represents larger flux and flow. It is clear that the distance between the two sheets plays an important role in water flow and net flux across the channel, as well as the flipping frequency. As shown in Fig. 2(a) , the flow and flux of the type 2 systems are larger than those observed in the type 1 system. As decreases, the flow and flux decrease, while the change in f flip exhibits the opposite behavior. The fluxes for the type 3 and 4 systems are 16:6=ns and 8:0=ns, respectively. The type 4 system has the most minimal flux among the simulated systems.
To understand the mechanism underlying the numerical observations, we have calculated the average interaction potentials, P WS , of water molecules at position Z inside the SWNT with water molecules outside the channel in the membrane region, carbon nanotube, and carbon sheets. The membrane region is defined as the region with position À6:7 # A < z < 6:7 # A, i.e., the space between the two ends of the SWNT, as displayed in Fig. 1 . Figure 3(a) shows that the potential profiles are symmetric with respect to the center of the carbon nanotube (z ¼ 0) and the absolute value of P WS increases when more water molecules surround the carbon nanotube except for the type 4 system. The type 4 system has the largest absolute value of P WS , and for the type 2 system the smaller value of corresponds to the larger absolute value of P WS .
The depth of the potential barrier, denoted by ÁP WS , which is the difference between the maximum and minimum of the interaction potential profile of P WS , is calculated and usually used to characterize the potential profile. The potential barriers ÁP WS for the type 1 system and as a function of for the type 2 system are plotted as blue stars in Fig. 2(a) . It is evident that with more water molecules which correspond to a deeper potential well, the resultant smaller flow and flux are induced. We further quantitatively study the relationship of the flow and net flux with respect to the depth of the barrier ÁP WS for all the systems as shown in Fig. 3(b) . It likewise demonstrates that a smaller potential barrier corresponds to a larger flux. However, the flux does not show an exponential decay, implying that the flux may not be solely governed by the potential barrier.
We have further computed the average velocities of the water molecules with a distance of less than 3 Å from any atom of the SWNT in the membrane region outside the nanochannel for the type 1 and 2 systems. It was found that the average velocity is about 0:75 m=s for the type 1 system, and 0:43 m=s, 0:28 m=s and 0:22 m=s for the type 2 system with ¼ 3:6, 4.1, and 5.1 Å , respectively, along the flux direction of water molecules inside the channel. It is clear that the smaller the value of flux inside the nanopore, the larger is the average velocity of the water molecules of the first layer outside the nanochannel. The water molecules in the membrane region outside the channel are driven along by the water flowing inside the tube, which affects the movement of the water inside.
In summary, unlike the macroscopic scenario, the structure outside a nanochannel has an important impact on water permeation across the nanochannel. The water net flux across the channel with an appropriate outside structure is about twice larger than the flux in the system with only a single carbon-sheet membrane. This is due to the interactions between the water inside the single-walled channel and other molecules outside the nanochannel, which reduces the movement of the water molecules inside the nanotube. Thus, as more molecules surround the carbon nanotube, there is a lesser water flux across the nanotube. It is noteworthy that in practical nanochannel applications, if the nanochannels are semiconductors [21] , the screen effect should be considered, and the electrostatic interactions of the water molecules inside and outside the nanochannel will decrease, thereby reducing the effect of the outside structure.
Our findings may be helpful in the design of high-flux nanochannels and for the provision of insights into the contribution of the lipid membrane to water permeation 
